This paper presents an overview of the state of the art about the late effects of ionizing radiation on skeletal muscle, helping new research and showing unexplored areas. For this, it was evaluated the interest reported by the scientific literature regarding the late effects in skeletal muscle resulting from exposure to ionizing radiation. Original and experimental papers mainly containing the key expressions "ionizing radiation" and "effects on skeletal muscle" were searched in computerized databases, and published in any language. Only 33 papers matched the search criteria. Analyzing the investigated radioinduced biological effects in those contributions, four topics were identified as being of major interest: 1) alterations in cellular metabolism and protein degradation; 2) repercussions on satellite cells; 3) formation of fibrosis and muscle atrophy; 4) tissue regeneration. It was verified that no study evaluated possible late effects related to either morphology or properties of skeletal muscles after an exposure to ionizing radiation. Several aspects do not make possible a successful replication; all experiments of eligible group of articles are discussed, such as, lack of raw data, use of no sound methodology and inappropriate statistical technique. Briefly, the subject of this review is an open field of research.
Introduction
Radiotherapy (RT) is one of the most important treatment options in cancer therapy, and most patients (50% -70%) undergo this treatment during the course of the disease [1] . Irradiation protocols depend on several factors such as: the type, extent and location of the tumor, the tolerance of healthy tissues and the general health of the patient, which can result in acute or late side effects [2] [3] . In parallel, the severity of these effects is directly related to the quality of radiation and the dose-fractionation protocol [4] .
As RT can produce late adverse effects, special attention is taken when this kind of treatment is applied in childhood and a careful follow-up is very important [5] . For example, in developed countries, children and teenagers are the most affected by leukemia, followed by tumors of the central nervous system lymphomas and, when ionizing radiation is part of their treatment [6] , those patients usually present musculoskeletal disorders as the more common late sequels [7] . These effects act directly on skeletal muscle, which is a tissue that maintains a high degree of phenotypic plasticity throughout the lifetime of the individual, enabling adaptive responses as a function of the stimulus delivered [8] .
Skeletal muscle of vertebrates (Figure 1 ) is a tissue consists of individual muscle fibers cylindrical heterogeneous, diversified in shape, size and contractile protein content [9] . The muscle fiber is the structural unit of the skeletal muscle with a thickness ranging from 10 to 100 micrometers (microns) and length 10 to 50 cm. The muscle is coated for connective tissue present also in other body structures, which provide the organization of the muscle fibers in three different groups: endomysium, perimysium and epimysium [10] . Although the different connective tissues are described separately, they are interlaced in such a way that they can be considered as a single continuous lamina of tissue that covers the muscle, helping to generate passive tension and resistance to stretching, helping the muscle to recover its shape and transferring contractile force to the tendon [10] .
It should be highlighted that in the period of growth the proper tropism and muscle metabolism are essential to provide incentives for physical growth and adequate motor development up to adulthood [11] .
Skeletal muscle represents approximately 40% of total body mass and has significant capacity to oxidation of substrates, besides a fundamental role in the body metabolism in either health or illness [12] . Some studies have shown that this tissue suffers from radiation effects by direct action on their cellular structure, reflecting in the amount or type of muscle proteins [13] - [16] . Olive and colleagues (1995) demonstrate that gamma radiation induces cell death in muscle with morphological characteristics of apoptosis. In turn, Jurdana (2008) affirms that radiation affects muscle satellite cells, impairing their activation, proliferation and differentiation, as well as interfering in membrane permeability and affecting sodium and potassium pump [17] .
In this way, although one realizes that ionizing radiation can have adverse effects on patients, there are few investigations about how radiation can directly affect skeletal muscle morphologically and functionally.
In this context, this review was aimed to evaluate the interest reported in the scientific literature concerning late effects on skeletal muscle as a result of exposure to ionizing radiation.
Search Methodology
Studies associated with this theme were searched in computerized internet databases available until May 2015. The sources of information were accessed in the following databases:
• Cumulative Index to Nursing and Allied Health Literature(CINAHL);
• Scientific Electronic Library Online (SciELO);
• Medical Literature Analysis and Retrieval System On-line (Medline/Pubmed).
It was used the logical operators "AND", "OR" for combining descriptors and terms employed for searching. Thus, the following key expression was used: "ionizing radiation, radiotherapy, damage, skeletal muscle", indexed in MeSH.
The inclusion criteria were papers treating effects on skeletal muscle associated to exposure to ionizing radiation, being considered only original experimental studies. By this search procedure, 402 potentially eligible papers were identified.
After the first triage, this study focused on reports that had the key terms in their titles. As a result, 69 publications were selected. However, from those selected texts, 36 did not present neither abstract nor full text. Thus, 33 articles were finally considered eligible for the second phase (MEDLINE = 32; and CINAHL = 01), which consisted of the reading of the abstracts and, when available, the evaluation of its full text. Figure 2 summarizes the flowchart employed for triage and final selection of works to be discussed in the context of this review.
The following topics were particularly considered for evaluating the selected articles: 
Results
As primarily result, temporal lacunae were found between 1954-1974 and 2000-2009 , in which none study concerning "ionizing radiation" and "skeletal muscle" appears in the investigated databases.
From 33 studies included in this review, only six [14] [18]- [22] mentioned that they conducted randomization of samples, while other three studies did not specify the type of radiation applied in their experiments [23] - [25] .
On the other hand, one study [26] did not report the dose level, and two others did not report the part of the body that was exposed to radiation [26] [27] .
Regarding the statistical analyses, only thirteen out of the 33 selected studies specified which tests were used in inferential decisions about the results [18] - [20] [28]- [37] . Concerning the kind of analytical methodology employed, four studies did not mention how their results were technically achieved [27] [38]- [40] . Among these studies, one did not even mention any evaluated parameters [38] .
In terms of radio induced biological effects on skeletal muscles, from the selected articles, four axes of researches were identified: 1) alterations in cellular metabolism and protein degradation ( Figure 3 compares the percentage contribution of the selected articles for each topic. Table 1 presents the studies that investigated changes on cellular metabolism and muscle protein degradation. Gerstner and colleagues (1953) comparatively studied the effects of radiation in the muscles of rabbits (warmblooded animals) and isolated muscles from frogs (cold-blooded animals) exposed to high dose rates of X-rays. The muscles of frog with doses above 100,000 R (870 Gy) quickly showed fatigue presenting contracture, prolonged relaxation, reduced amplitude of contraction for heavy loads (50 g) and histological changes, 8 hours after exposure. These changes consisted of hyalinization and breaking up of single muscle fibers or small groups of fibers, nuclei of muscle cells were either absent or showed karyorrhexis, and the sarcolemma was destroyed in the degenerated areas. In turn, muscles of rabbits exposed to 72,000 R (626.4 Gy) exhibited a progressive and gradual impairment of the function with complete disability 24 hours after irradiation, followed by severe histological changes, such as swollen muscle fibers and hyalinized with loss of striations, many broken fibers with loss of nuclei and considerable numbers of polymorph nuclear leukocytes present.
Alterations in Metabolism and Protein Degradation
In another research performed with rabbits exposed to 1130 R (9.83 Gy) and 1300 R (11.3 Gy), Khan and coworkers (1974) [14] observed local increase of glycogen in intact fibers, and damages in the muscle fibers and micro vasculature. These effects were noticed from the first 24 hours until the 40 th day after irradiation. This effect was still seen until the 40th day after exposure.
With the same perspective, Ahlersova and colleagues (1981) [41] used in their study Wistar rats irradiated with a whole body X-ray dose of 2.39 Gy in the fasting at night before the irradiation, acknowledging changes in carbohydrate metabolism and reduced muscle glycogen 6 hours after irradiation, with subsequent increase in the 3 rd and 14 th days. The kinetic of the alterations of the glycogen produced by fasting in skeletal and cardiac muscle was similar to the changes caused by irradiation, especially during the first week.
In turn, degradation of titin and nebulin protein was observed by Horowits and coworkers (1986) . In study [23] in rabbits isolating the psoas muscle and irradiated with 1.5 Mrad (15,000 Gy). The capacity of the muscle cells to generate passive and active tension was reduced due to axial misalignment of the thick filaments that are apparently maintained centered in the sarcomere by titin and/or nebulin causing reduction of elastic properties of muscle.
Schwenen and colleagues (1989) [39] also investigated muscle proteins and found that after exposure on hind limb of mice to 15 Gy of gamma radiation caused an increase in the release of amino acids, especially alanine, glutamine and others not metabolized in muscle. These researchers claim that their findings confirmed the hypothesis that the increased availability of amino acids is a result of the increased protein degradation in skeletal muscle, starting immediately after irradiation. This perturbation induced by radiation in protein metabolism may be a pathogenic factor in the etiology of the myopathy of the radiation.
On the other hand, Voĭtsitskiĭ and colleagues (1990) found changes in the sarcoplasmatic reticulum membrane due to enzymatic changes of Ca 2+ -ATPase in muscles of hind legs of rabbits irradiated with a dose of 0.21 C·kg
. Subsequent studies [38] [42] also observed changes in the sarcoplasmic reticulum membrane due to the enzyme Ca 2+ -ATPase. The authors argued that the decrease in the concentration of Ca 2+ -ATPase was caused by a change in the enzyme microenvironment damaging lipid-protein interactions, essential for the functional activity of this enzyme and changes in molecular conformation of Ca 2+ -ATPase contribute to structural change of the membrane.
Other study [27] carried out analyses to measure the content of thiamin in skeletal muscle and liver pork, chicken and beef after gamma irradiation from a Cesium source with doses of 1.5, 3, 6 and 10 kGy, found a decrease of thiamine three times more in skeletal muscle, when compared with the liver. The thiamine content of the muscle was another aspect affected by gamma irradiation.
The study of Shtifman and coworkers [22] sought to investigate the effects of single whole-body low-dose high-energy proton irradiation as a model for solar particle event and low-dose high-charge and energy irradiation as a model for galactic cosmic rays on skeletal muscle physiology in adult C57Bl/6N WT mice. The data indicated that proton and 56 Fe-particle irradiation resulted in intra-myofiber alterations in Ca 2+ . Table 2 shows the studies related to the repercussions of radiation on satellite cell. Rosenblatt and Parry (1992) hypothesized that compensatory muscle hypertrophy of long extensor of the fingers (EDL), produced by the incapacitation of the synergistic tibialis anterior muscle, would be prevented if, be-fore being overloaded, the EDL muscle was subjected to levels of ionizing radiation that are known to inhibit satellite cell proliferation. For this, right hindlimbs of mice were irradiated to a single dose Gamma 2500 rad (25 Gy) and tibialis anterior muscles were excised and discarded. The results clearly supported this hypothesis.
Repercussions on Satellite Cells
Within this same perspective, Phelan and coworkers (1997) irradiated male Wistar rats by a 137 Cesium source with 3000 rad (30 Gy) and pointed out that gamma irradiation prevented the compensatory hypertrophy and generation of muscle fibers. However, they also found that there was no decrease in the percentage of mature fibers, concluding that irradiation impairs the proliferation of satellite cells, impacting on the process of muscle hypertrophy.
In another study, Caiozzo and colleagues (2010) observed a reduction in the number of satellite cells in a study in which female rats of the Sprague-Dawley species were exposed to gamma radiation. This reduction was dependent of the applied dose (2 or 5 Gy), reducing at about 50% and 70% respectively the number of cells. According to these authors, clinically relevant doses of gamma radiation produced significant elevations in oxidative stress, significantly reducing the levels of nitric oxide (NO) in satellite cells and can impair the proliferation in vitro.
Still investigating effects of radiation on NO levels in satellite cells on muscles, Cho Lim and colleagues (2011) removed the hind paws of male rats of the Sprague-Dawley species, and irradiated with doses of 1.2 and 5 Gy using a Cs-137 source. For this, two procedures were employed: addition of sodium nitro prusside-SNP (NO donor) and known mechanical stretching to increase NO levels in the cellular environment [43] . On the basis of this methodology, a significant increase of NO levels were reached resulting in the rescue of the proliferation of irradiated satellite cells. However, the mechanical stretching produced increased levels of NO more effective than SNP concluded that increasing the level of NO in irradiated satellite cells effectively is rescues their proliferation.
Jurdana and colleagues (2013) evaluated long-term effects of different doses of ionizing radiation on human skeletal muscle myoblast proliferation and stress response capacity in primary cell cultures. Human myoblasts were derived from satellite cells obtained from muscle tissue routinely discarded during orthopaedic operations on donor patients. Cells were irradiated with a dose rate of 2 Gy/min with graded doses (2 -8 Gy). Acute effects of radiation were studied by interleukin-6 (IL-6) release and stress response detected by the heat shock protein (HSP) level, while long-term effects were followed by proliferation capacity and cell death. Their results showed that myoblasts are sensitive to irradiation in terms of their proliferation capacity and capacity to secret IL-6.
MacDonald and coworkers (2014) [44] compared the properties of the precursor myogenic cells in extraocular muscle and limb muscles using mice C57BL/10 and dystrophic mdx. It appears that irradiation disrupts the normal method of extraocular muscle remodeling, which react paradoxically to produce increased numbers of myogenic precursor cells, suggesting that the extraocular muscle contains myogenic precursor cell types resistant to 18 Gy gamma irradiation, allowing return to normal morphology 2 months post-irradiation.
Fibrosis and Muscular Atrophy
Table 3 presents studies that investigated the formation of fibrosis and atrophy processes consequences of irradiation.
Using acute gamma irradiation in pigs for simulating a nuclear accident, Lefaix and coworkers (1990) noticed, by biochemical analysis, a strong inflammatory reaction with the formation of fibrosis, in the first month after irradiation. The resulting muscle fibrosis was characterized by a high density of myofibroblasts and an inflammatory standard distribution of collagen types I, III, IV, laminin, fibronectin and fibrinogen. In another study [45] , also in pigs, where posterior and outer portion of the thighs were gamma irradiated at doses ranging between 16 and 256 Gy of gamma radiation, was observed most desquamation of the skin and formation of fibrosis in muscles after 30 weeks.
Ibarrola and colleagues (1996) [46] evaluated the progression of the induced injury by irradiation for a period of 12 months in muscle of the rabbit iliac region, with gamma exposure of the skin with doses of 40 and 80 Gy. Through magnetic resonance imaging, lesions were detected after 22 weeks from a group irradiated with 40 Gy and, earlier, at 17 weeks for the group with 80 Gy. Their results pointed out the increase of muscle atrophy and the extent of injury with radiation dose.
In the context of this review, it was found only one clinical approach represented by the study performed by van Leeuwen-Segarceanu and colleagues (2012). They described the damages to the muscles and propose a pathophysiologic mechanism for muscle atrophy and weakness, from 12 patients with Hodgkin lymphoma treated with radiotherapy, between 1969 and 1998. The following tests were performed: dynamometry; ultrasound of the sternocleidomastoid, biceps, and antebrachial flexor muscles; and needle electromyography of the neck, deltoid, and ultrasono graphically affected arm muscles. Ten patients (83%) presented neck complaints, mostly pain and muscle weakness. On clinical examination, neck flexors were more often affected than neck extensors. On ultrasound, the sternocleidomastoid was severely atrophic in eight patients. Table 4 shows the studies dealing with the regeneration of muscle tissue.
Tissue Regeneration
Among the selected studies presented on the table above, the first one Popova and coworkers (1978) pointed out concern about the need to regain muscle after irradiation. Treatment with application of Laser for 10 days in removed muscles and irradiated with dose of 1000 R (8.7 Gy) of X-rays and then grafted, was able to stimulate the regeneration of injured muscle parts. The regeneration occurred not only in the periphery, but also within the muscle and resulted in the recovery of the capacity of contraction.
In another study [47] , it was observed reduction of the post-traumatic effect of radiation in gastrocnemius muscle of rats, irradiated with doses of 20 to 30 Gy X-rays through an autograft of viscous mass consisting of muscle fiber pieces applied at the end of the muscle, which promoted the formation of differentiated muscle fibers and restoration of regenerative capacity.
Wirtz and colleagues (1982) searched to investigate effects of irradiation on regeneration in dystrophic mouse leg muscles. They irradiated mouse (strain Re 129) with a single dose of 20 Gy 10 days after birth, in such a way that only one leg was exposed to radiation. After irradiation, the development of satellite cells into regenerating muscle fibers appeared to be hampered. In animals of 17 days of age, i.e. 1 week after irradiation, many young regenerating muscle fibers were observed in the contralateral leg, whereas in the irradiated leg the empty spaces left by fiber necrosis were filled with fibrous tissue containing fibroblasts, macrophages and also myofibroblast-like cells.
A description of a dose-dependent effect on inhibition of muscle regeneration due to irradiation was performed by Gulati (1987) [48] . In this study, EDL were removed from rats and irradiated at a rate of 750 R.min ), and then transplanted to its place of origin. After transplantation, doses of 650 R (5.65 Gy), 2000 R (17.4 Gy) and 10,000 R (87 Gy) were administered. A similar pattern was observed for regeneration of non-irradiated and irradiated muscles with a dose of muscles 650 R (5.65 Gy) X-ray where most of the myofibers suffered degeneration followed by regeneration from precursor satellite cells, which proliferated, differentiated into myoblasts and have fused to form myotubes and myofibers. However, in muscles exposed to 2000 R (17.4 Gy) and 10,000 R (87 Gy), satellite cells remained undifferentiated and not merged to form myotubes.
With the objective of observing if muscle fiber growth can occur in the absence of satellite cell activity, Rosenblatt and Parry (1993) induced chronic overload of the right EDL muscle by removal of the synergist tibialis anterior muscle and reproductive sterilization of proliferative (satellite) cells by exposing to 25 Gy gamma irradiation. They conclude that changes in a muscle fiber's gene expression appears not to require the incorporation of new nuclei and occurs exclusively within the original myonuclei, whose function is unaffected by doses of irradiation the same as or exceeding that used in their study.
In order to observe the effects of radiation on dystrophic muscle of mdx mice at the age of 16 -20 days, Granata and coworkers (1998) exposed soleus muscle to a single dose of 30 Gy gamma rays. At the age of 45, 75 and 90 days, the transverse sections of the muscle belly were used for microscopic examination and found that irradiation appears to reduce the growth and regeneration of muscle fibers.
Unlike other studies, Wernig and colleagues (2000) , in a program to increase the effects of myoblast implantation, used cultured cells and posteriorly implanted in the soleus muscle of rats previously irradiated with 16 Gy and found that the radiation increased the effectiveness of myoblast transplanted, promoting the proliferation of numerous fibers of small diameter. Six studies have no relationship to each other and are presented in Table 5 .
Recent studies, such as Russell and Nadine [21] investigated the effect of radiation on muscles of the tongue associate with aging to determine whether aging altered the extent of radiation injury. In this study, thirty seven male Fisher 344/Brown Norway rats were irradiated with a dose of 22 Gy over two days equivalent to single fraction 16 Gy which is biological dose corresponding to 103 Gy. Radiation was associated with a significant decrease in tongue force production and reduced speed of tongue muscle contraction. However, radiation treatment did not lead to muscle atrophy and fibrosis formation in the muscles of tongue and did not exacerbate atrophic changes observed with aging.
Another recent study [18] evaluated the effect of two clinically relevant radiation doses on the susceptibility of mouse skeletal muscle to remodeling. These authors hypothesized that radiation would induce muscle remodeling in a dose dependent manner and that glycolytic type IIB muscle fibers would be more susceptible to radiation-induced changes in size and distribution, when compared to more oxidative type IIA muscle fibers. Alterations in muscle morphology and regulatory signaling were examined in female C57BL/mouse tibialis anterior and gastrocnemius muscles after radiation doses that differed in total biological effective dose (BED). Results demonstrate that radiation dose differentially affects muscle remodeling, and these effects appear to be related to fiber type and oxidative metabolism.
Olivié and collaborators (1995) observed that gamma irradiation in developing muscles leads to cell death by apoptosis. Whereas Bandstra and coworkers (2009) stated that the radiation alters the distribution of myofibers, because they detected fewer small-diameter fibers in muscle irradiated, and an increase in the proportion of 2.9 times myofibers centrally nucleated, without clarifying the mechanism of these changes.
In the study of Hino and colleagues (2009), the structural integrity of the plasmatic membrane was affected by irradiation with heavy ion beams, 40 Ar (11.2 MeV/u) and 20 Ne (12.8 MeV/u), the occurrence of irregular protrusions on the plasmatic membrane (invaginations) and disruption of sarcomeres, was observed, they concluded that the dysferlin protein is responsible for fusion of the plasmatic membrane and this insufficiency causes defects on its surface.
Ultimately, muscle injuries in the hind paws of male Wistar rats after exposure to high doses of radiation was evaluated by biopsy by Hsu and coworkers (1998) [49] , both paws were exposed to X-ray dose of 80 Gy in 40 fractions of 2 Gy. The irradiated gastrocnemius muscle exhibited progressive changes, which started immediately after the conclusion of the exposures, characterized by hemorrhage, lymphocytic infiltration and vascular destruction. Until 12 months after the final exposure, no recovery of muscle tissue was observed.
Discussion
From all studies spotted by the search criteria employed in this review, just only 8% explored some effects of ionizing radiation on the Skeletal muscle. Their methodological aspects are presented below.
Studied Subjects (Animals/Humans)
Concerning especially animal model, rats and mice are used in the major part of experiments due to the ease in handling and brevity of the observation of the effects, both immediate and delayed, and physiological similarity to humans [50] [51] . Only one study used cells of humans. In terms of sample size, only 18 studies reported the number of subjects.
Sampling (Randomization)
Based on the principle that randomization as the best way to avoid bias, only six studies [14] [18]- [22] performed their investigation taking into account the randomization of samples.
Radiation and Dose Levels
It was also observed that gamma and X-rays were the types of radiation the most used in the studies evaluated, probably because these radiations are the most widely used in medical applications, especially in radiotherapy [2] . For small radiation fields, such as for specific muscle, the dose levels delivered reached 870 Gy, while for whole body irradiation doses were lower, going to 15 Gy.
Irradiated Target
In the studies reported by this review, different parts of the animal body were irradiated, from one muscle to the whole body. .
Statistical Analyses
In terms of statistical tests used, several studies employed appropriate tests to the proposed objectives [18] - [20] [22] [28] - [31] [34]-[37] [52] , where the parametric ANOVA was widely used, followed by post-hoc tests. This statistical test could also be applied in the works [27] [41] [45] - [47] , where it was not identified which statistical method was used for data analyses. For example, ANOVA could be employed in the study performed by Granata and colleagues (1998), besides the descriptive statistics presented there. In other works [14] [23]- [26] [38] [40] [41] , the tests the most adequate would be the non-parametric ones, such as Mann-Whitney and Kolmogorov-Smirnov.
Parameters Assessed
Khan and team (1974) as well as Ahlersova and coworkers (1981) reported that irradiation causes an increase in muscle glycogen concentration. Khan and team (1974) thought that this increase in glycogen content would be the result of the effect of radiation directly on biochemical pathways, but did not provide experimental support corroborating these findings, although Gerstner and colleagues (1953) had already pointed out changes in cell metabolism due to irradiation. However, Ahlersova, and coworkers (1981) reported that in the period immediately after irradiation, until the sixth hour following, there is a decrease in the concentration of glycogen and only the third day post-irradiation there is an increase of this polysaccharide.
Three others studies [23] [27] [39] also identified changes in metabolism involving degradation of essential proteins for structure and muscle functional performance, which led to increased availability of amino acids. Also cited in the study conducted by Gillette and coworkers (1995) [53] , induced changes in the protein metabolism appear immediately after irradiation and can be the cause of myopathy associated with radiation.
Another radio-induced molecular biological endpoint is related to the structure of the sarcoplasmic reticulum membrane due to changes in the enzyme Ca 2+ -ATPase. These events interfere in the lipid-protein interactions, which are essential for the functional activity of this enzyme. A study [22] concerning molecular analyses within 24 h post-irradiation [41] , it was observed a significant rise of the resting cytoplasmic Ca 2+ and a reduction in the depolarization-evoked Ca 2+ released from the sarcoplasmic reticulum, suggesting the correlation of these results with the potential functional changes in the muscle excitation-contraction coupling.
On the other hand, the influence of irradiation on satellite cells, that are directly responsible for tissue maintaining, was well discussed by Jurdana (2008) , who also evidenced the radiation damage on proliferation capacity of these cells [36] . In this same perspective, three studies [19] [29] [30] reported that gamma radiation precludes the formation of new fibers and the use of strategies in order to increase the concentration of nitric oxide (NO) can rescue the proliferation of satellite cells after irradiation.
Gillette and colleagues (1995) reported several studies in different animal species, where muscle atrophy and fibrosis appeared after a few months of the application of the dose, always accompanied by vascular lesions. The appearance of this type of sequel in humans has also been mentioned, but there is no direct cause-effect relationship between both.
Works of collaborators (1990, 1993) and Ibarrola and coworkers (1996) found atrophy and fibrosis formation few months after irradiation due to the increase in non-collagenous protein synthesis by irradiated tissue, where the muscle tissue was replaced by atrophic fibrosis characterized by a high density of myofibroblasts. The intensity of fibrosis appears to be related to the increase of the applied dose.
In the work of the van Leeuwen-Segarceanu [52] carried out in human, patients previously treated by mantle field radiotherapy develop severe atrophy and weakness of the neck muscles. They concluded that neck muscles within the radiation field shows mostly myogenic damage, and muscles outside the mantle field show mostly neurogenic damage. The discrepancy between echo intensity and atrophy suggests that muscle damage is most likely caused by an extrinsic factor such as progressive microvascular fibrosis.
Still regarding the influence of irradiation on the regeneration of muscle fibers was treated in seven studies [20] [48] and that five affirm to have achieved stimulate regeneration using low doses (less than 30Gy) during application or by the application of laser after irradiation. Granata and collaborators (1995) however say that irradiation reduces the growth and regeneration of muscle fibers, going against the others. On the other hand, Rosenblatt and Parry (1993) affirmed that function is unaffected of the satellite cells by ionizing radiation.
Olivé and colleagues (1995) investigated the effect of radiation in the muscle developing, concluding that cell death occurs by apoptosis. A marked increase in the number of dead cells was observed in newborn rats 6 hours after irradiation, indicating that the developing skeletal muscle is highly sensitive to ionizing radiation. A marked increase in the number of proliferating cells happened 5 days post irradiation, above normal values, thus indicating a high regenerative capacity of muscle developing after exposure to ionizing radiation. However, irreparable injury in muscle tissue were observed by Hsu and coworkers (1998), resulting from high doses that caused progressive structural changes.
Checking the effect of a protein as the plasma membrane element repairer, Hino and coworkers (2009) evaluated the effect of dysferlin in the repair of the plasmatic membrane and found that this protein is responsible for membrane fusion in the cure process. Meanwhile, Bandstra and collaborators (2009) observed that the irradiated muscle showed significantly lower small diameter fiber number, whereas the percentage of fibers with large diameters remained unchanged and suggest the need for others studies to investigate the mechanisms of these changes and thus have a better understanding of the effect of radiation on muscle function.
Hardee and colleagues (2014) demonstrated that dose dependent radiation-induced muscle remodeling related to expansion of the extracellular matrix and oxidative stress and the effect of radiation dose on myofiber size was affected by fiber type and oxidative metabolism. Type IIB glycolytic myofibers were susceptible to radiation-induced changes in myofiber size regardless of the total dose. However, type IIA oxidative myofiber size was not affected by the lower radiation dose.
It was observed by Russell and Nadine (2014) that radiation was associated with a significant decrease in tongue force production and reduced speed of tongue muscle contraction. However, contrary to the hypothesis, radiation treatment did not lead to muscle atrophy and fibrosis formation on tongue muscle. Thus, radiation appeared to exacerbate age-related changes in temporal factors of tongue muscle contraction.
McDonald and coworkers (2014) concluded that the extraocular muscle is spared in muscular dystrophy due to a population of myogenic precursor cells highly proliferative or better able to survive in the diseased environment of a dystrophic muscle. Alterations in myogenic precursor cell proliferation resulted in altered levels of specific subpopulations of myogenic precursor cells and the appearance of a dystrophic phenotype in the extraocular muscle of the mice mdx.
Final Considerations
Investigating the interest in the effects of ionizing radiation on the skeletal muscle, this review revealed the existence of temporal and methodological lacunae concerning this research theme.
Although six studies [21] [52] evaluated the late radio induced changes in of mechanical proprieties on skeletal muscle used specific tests. The other studies were limited to observing the growth, regenerative capacity and sequelae of this tissue without more deep investigation about the consequences of irradiation of muscles.
With the increasing in the number of survivors of childhood cancer, the evolution of treatment with ionizing radiation, together with the aging of the world's population, long-term health effects have become a focus of medical research and care. As a result, studies about late effects of radiation on the molecular structures, mechanical properties and physiology of skeletal muscle, especially regarding the generation of force (essential feature for maintaining mobility), can provide new medical strategies to prevent complications, allowing functional independence and maintaining quality of life.
On the basis of this review and taking into account that today's technological advances make possible experiments fitted to investigate better properties of muscle tissue long after radiation exposure, a vast field of research is open concerning the late effects of irradiation of the skeletal muscle in humans.
